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ABSTRACT 
Five undescribed species of Raffaelea (Ophiostomatales), as well as Raffaelea 
sulphurea, were isolated and illustrated from the ambrosia beetle tribe Xyleborini: Raffaelea 
sulphurea and Raffaelea sp. A from Xyleborinus saxeseni; Raffaelea sp. B and Raffaelea sp. 
C from Xyleborinus attenuatus; Raffaelea sp. D from Xyleborinus gracilis; Raffaelea sp. F 
from Cyclorhipidion bodoanum; and Raffaelea sp. G from C. pelliculosum. 
Each fungal symbiont was isolated from a single beetle host species or its galleries 
and characterized by culture morphology and DNA sequencing. Analysis of 18S rDNA and 
translocation elongation factor sequences of five undescribed symbionts (Raffaelea 
sulphurea, Raffaelea sp. B, Raffaelea sp. D, Raffaelea sp. F, and Raffaelea sp. G) supported 
the hypothesis that Dryadomyces is a genus distinct from Raffaelea spp. In culture, 
Dryadomyces spp. produce fast-growing, red-brown mycelia with no yeast-like budding, 
unlike typical Raffaelea spp. Raffaelea montetyi, R. quercivora, R. quercus-mongolicae and 
Raffaelea sp. D formed another group sister to the Dryadomyces subclade. The members of 
this R. montetyi subclade produce yeasty, mucoid colonies and hyaline mycelia similar to R. 
lauricola. Raffaelea sp. A and Raffaelea sp. C were closely related to R. canadensis. This R. 
canadensis complex was placed among typical Raffaelea spp. in phylogenetic analysis. Thus, 
both molecular and phenotypic characteristics suggest that ambrosia beetle symbionts within 
the Ophiostomatales are not monophyletic.  
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Ambrosia beetles are well known as sapwood boring insects that are commonly 
associated with symbiotic fungi. These beetles are members of Scolytinae and Platypodinae 
(Coleoptera), which are within the weevil family, Curculionoidea (Coleoptera). These 
beetles generally are attracted to dead or dying trees. 
Adult ambrosia beetles excavate tunnels called “galleries” in the woody xylem 
(Jordal et al. 2012) and inoculate the host with the spores of their symbiotic fungi that may be 
carried by males, females or both sexes in special sacs called mycangia (Batra 1963, Franke-
Grosmann 1967). The type of the mycangium is specific to the genus or tribe of ambrosia 
beetle (Beaver 1989, Hulcr et al. 2007). Generally, the sex with the mycangium and fungal 
symbiont is responsible for initiating the tunneling (Franke-Grosmann 1967). The overflow 
of spores from the mycangium is the source of the inoculum, and the sporulation in the 
galleries is a source of food for new larvae and adults.  
Most ambrosia beetle symbionts are related to fungi in the genera Ceratocystis or 
Ophiostoma (Harrington et al. 2010, Mayers et al. 2015). One of the main genera of ambrosia 
fungi, Raffaelea, in the order Ophiostomatales (Ascomycota), has been associated with 
ambrosia beetles with small mycangia in several tribes and genera in the tribe Xyleborini, 
including Xyleborinus, Xyleborus, and Amasa. Morphological observations and DNA 
sequencing of Raffaelea spp. isolated from the beetles in different tribes suggested that each 
beetle species cultivates one or more fungal symbionts 
The objective of this study is to determine whether there are two or more phenotypic 
or phylogenetic groups within Raffaelea. For instance, R. sulphurea and R. amasae appear to 
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be related but differ from the other Raffaelea spp. in that they have red-brown mycelia and 
they lack a yeast phase. Isolation of associated fungi from five different ambrosia beetles 
species will provide material for DNA sequencing and phylogenetic context. Comparing 
morphology and phylogeny among these fungal associates will confirm their possible 
relationships and determine if all can be treated as Raffaelea spp.  
 
Thesis Organization 
This thesis is organized into three chapters. The first chapter provides a general 
introduction and a review of literature pertinent to ambrosia beetles and their fungal 
symbionts, especially those in the Ophiostomatales. The second chapter is a manuscript to be 
submitted for publication. It is a phylogenetic study of ambrosia fungi in Ophiostomatales, 
including five undescribed species, three of which may be accommodated in Dryadomyces. 
The third chapter serves as a general conclusion for the thesis and presents possibilities for 
future research.   
 
Literature Review 
Ambrosia beetles feed on the xylem of a diverse range of host trees (Jordal et al. 
2012). Most ambrosia beetles are polyphagous (Beaver 1989), but there are some exceptions. 
Adult ambrosia beetles excavate tunnels called “galleries” and inoculate the host sapwood 
with the spores of their symbiotic fungi, which they carry in special sacs called “mycangia” 
(Franke-Grosmann 1967, Beaver 1989). The fungi grow in the wood and sporulate in the 
galleries, and the beetles prefer ambrosia fungi as a food source because of the vitamins and 
nitrogenous components in the ambrosia (Beaver 1989). The larvae of some ambrosia beetles 
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have the ability to enlarge their feeding chambers by feeding on wood, but most ambrosia 
beetles feed only on fungi (Biedermann and Taborsky 2011). Ambrosia fungi may produce 
volatiles that help the associated beetle locate the food in the dark tunnels (Franke-Grosmann 
1967, Hulcr et al. 2012).  
Fungal spores enter the mycangia of the young adults from the walls of the gallery. 
Franke-Grosmann (1967) detailed the diversity of mycangia types among ambrosia beetles, 
including glandular tubes, enlargement of the precoxal cavity, pouches between the pro- and 
mesonotum, at the base of the mandibles or elytra, shallow cavities or pits, or a single 
glandular pit with bristles on the pronotum. Mycangia may not always be essential for fungal 
transmission as suggested for Xeleborinus saxeseni, which may carry its associated fungus in 
the gut (Franke-Grosmann 1967, Beaver 1989).  
Raffaelea spp. (Ascomycota: Sordariomycetes: Ophiostomatales) and Ambrosiella 
spp. (Ascomycota: Sordariomycetes: Microascales) are the two main genera of fungi carried 
by ambrosia beetles (Harrington et al. 2010). Raffaelea is a diverse genus related to 
Leptographium and Ophiostoma. Ambrosiella is a genus in the family Ceratocystidaceae, 
and species of Ambrosiella are more species-specific in comparison with Raffaelea spp. 
(Harrington et al. 2010). Beetles with large, complex mycangia carry Ambrosiella spp. or 
other Ceratocystidaceae (Mayers et al. 2015).  
Most ambrosia fungi have not been found as free species in nature and appear to have 
an obligatory association with ambrosia beetles and, conversely, ambrosia beetles are usually 
dependent on fungi for food (Franke-Grosmann 1967, Beaver 1989). Nunberg (1951) was the 
first to discover the tube-like glands of ambrosia beetles that store and transport spores of 
fungi. Francke-Grosmann (1956) proposed the name mycangium for this organ. Mycangia 
4 
 
are commonly described based on their location or structural characteristics (Francke-
Grossman 1967) and the fungal spores have the ability to multiply in the mycangia (Norris 
1979). Abrahamson et al. (1969) was able to extract some lipids and amino acids, besides the 
fungal spores, from mycangia.  
History and Taxonomy of Ambrosia Fungi —The fungal growth of ambrosia beetles was 
described as ambrosia, food of the Gods. Initially, researchers thought the growth was a dried 
sap, but later studies demonstrated its fungal nature. Based on branched monilioid hyphae, 
the fungal growth was named Monilia candida (Hartig 1844). Different fungal symbionts 
were found to be carried and cultivated by different species of beetles (Hubbard 1897, Batra 
1963, 1967). 
Fuckel (1870) was one of the first mycologists to describe the diversity of ambrosia 
fungi, but to date only a small percentage of the fungal species have been identified (Baker 
1963, Batra 1963, Batra 1967, Funk 1965, Harrington et al. 2010). Hubbard (1897) listed the 
fungal symbionts of the ambrosia beetles in the United States in five main genera: Xyleborus, 
Platypus, Monarthrum, Xyloterus, and Corthylus. Verrall (1943) named new ambrosia fungi 
in the genus Monilia, though the conidial development of these fungi is different from 
species of Monilia (Batra 1967).  
 Batra (1967) mentioned that some previous scientists, such as Neger (1909) and 
Schneider-Orelli (1913), thought the fungi could not be cultivated on artificial media because 
they did not observe any germination or colonies or germination under laboratory conditions. 
Verrall (1943), Batra (1963), Franke-Grosmann (1967), and others classified new species and 
genera among these symbiotic fungi by the type of conidia and sporodochia present in 
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culture. Most of the ambrosial growth consists of a mass of conidia and conidiophores that 
may be conscentrated in a spordochium. 
Molecular phylogenetic approaches have been used to clarify the taxonomic 
relationships of most groups of fungi, including Ophiostomatales. Initially, ambrosia fungi 
were placed in the anamorphic genera Ambrosiella and Raffaelea (Batra 1967). Ambrosiella 
and Raffaelea have been placed within Ceratocystis (Microascales) and Ophiostoma 
(Ophiostomatales), respectively, based on rDNA analysis (Cassar and Blackwell 1996, Jones 
and Blackwell 1998, Rollins et al. 2001, Harrington et al. 2010).  
Raffaelea was first described by Von Arx and Hennebert (1965) with the type species, 
R. ambrosia, a symbiont of Playpodinae ambrosia beetles. Raffaelea now has more than 22 
described species (Harrington et al. 2010). Two new Raffaelea spp., R. vaginata and R. 
rapaneae were recently described from ambrosia beetles, and R. vaginata was reported to 
produce a sexual state (Musvuugwa et al. 2015). Raffaelea spp. are pleomorphic (Batra 1967, 
Harrington et al. 2010). The mycelial phase is dominant in the galleries, while the yeast form 
is found within the mycangium. A possible catalyst for the yeast phase growth is free amino 
acids in the haemolymph and body secretions of the beetles (French and Roeper 1973, Norris 
1979). 
Gebhardt (2005) introduced a new genus, Dryadomyces, with D. amasae as the type 
species, within the Raffaelea clade. Alamouti et al. (2009) reported the polyphyly of both 
Ambrosiella and Raffaelea and also suggested that Dryadomyces amasae and other Raffaelea 
spp. are in a monophyletic lineage distinct from typical Raffaelea spp. However, Harrington 
et al. (2010) transferred D. amasae to Raffaelea based on rDNA analysis. The phylogenetic 
analysis of De Beer et al. (2013) suggested two distinct clades of Raffaelea: the main typical 
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Raffaelea clade and a second group, including R. quercivora, R. sulphurea and R. amasae. 
Dreadon et al. (2014) also indicated that Raffaelea is polyphyletic and R. amasae along with 
R. sulphurea, R. quercus-mongolicae, R.montetyi, and R. quercivora are in a clade within 
Leptographium. 
Raffaelea spp. appear to be associated with ambrosia beetles with much simpler and 
smaller mycangia in comparison with Ambrosiella spp., which have more specific beetle 
hosts that have more complex and larger mycangia (Harrington et al. 2014, Mayers et al. 
2015).  
Xyleborini-Fungus Association — The Xyleborini tribe is the most important of the ambrosia 
beetles. They have a haplodiploid life cycle, as haploid males develop from unfertilized eggs 
of diploid females. Males are dwarfed, flightless and short lived, and there are fewer males 
than females (Kirkendall et al. 1993, Normark et al. 1999, Cognato et al. 2011).  
Female Xyleborini beetles have three distinct types of mycangia: oral, elytral and 
mesonotal (Hulcr et al. 2010, Cognato et al. 2011). Most of the Xyleborus beetles have oral 
mycangia, a pair of small internal cavities at the base of the mandibles, as found in Xyleborus 
glabratus (Fraedrich et al. 2008). X. glabratus carries Raffaelea lauricola, the cause of laurel 
wilt, in its mycangia (Harrington et al. 2008). Amasa concitatus is another ambrosia beetle 
with oral mycangia, in which it carries Dryadomyces amasae (Gebhardt et al. 2005). 
A second mycangial type, elytral, consists of small cavities at the base of the elytra, 
as seen in Xyleborinus spp. such as X. gracilis and X. saxeseni, (Schedl 1962, Francke-
Grosmann 1967). The third type is mesonotal, a large sac between the meso- and metathorax, 
which is more complex, and these larger mycangia are seen in the genera Xylosandrus and 
Anisandrus (Mayers et al. 2015). Hulcr et al. (2007) reported oral mycangia for 
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Cyclorhipidion spp. The small oral and elytral mycangia have been found to harbor Raffaelea 
spp. and the larger mycangia found to contain Ambrosiella spp. (Harrington et al. 2014, 
Mayers et al. 2015). A diversity of Raffaelea spp. appears to be associated with various 
genera of Xyleborini with small mycangia, and it is possible that such Raffaelea spp. are not 
monophyletic.  
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CHAPTER 2. RAFFAELEA SPP. FROM FIVE AMBROSIA BEETLES 
IN THE GENERA XYLEBORINUS AND CYCLORHIPIDION 
(COLEOPTERA: CURCURLIONIDAE: SCOLYTINAE: XYLEBORINI) 
 
A paper to be submitted to Fungal Biology 
 
Introduction 
 
There are approximately 3,400 described species of ambrosia beetles in 10 tribes of 
two subfamilies (Coleoptera: Curculionidae: Scolytinae and Platypodinae).  Only a small 
fraction of ambrosia beetles has been studied (Batra 1963, Francke-Grosmann 1967), and 
even fewer of their fungal symbionts have been described (Harrington et al. 2010).  
Ambrosia beetles are derived from bark beetles and are polyphyletic (Farrell et al. 
2001). Most adult ambrosia beetles do not eat wood (Beaver 1989); although, the larvae of 
some ambrosia beetles may consume wood as well as fungi and may either be 
mycetophagous or xylomycetophagous (feed from both wood and fungi). However, the main 
source of food for larvae and adults is the ectosymbiotic ambrosial growth of fungi (Batra 
1967, Roeper 1981, Roeper 1995).  
A diverse mixture of ambrosia fungi grows in the galleries, but the dominant fungi 
are obligate symbionts of ambrosia beetles and have not been found as free-living species 
(Harrington et al. 2010). The adult ambrosia beetles start to dig inside the host sapwood and 
excavate “galleries”. The beetles carry spores of their symbiotic fungi in special sacs called 
“mycangia”, in which the fungus grows and the spore ooze out to inoculate the galleries 
(Franke-Grosmann 1967, Beaver 1989).  
The mutualistic relationship between ambrosia beetles and their symbionts benefits 
both the beetle and the fungus. The fungus benefits by direct transmission and inoculation of 
the wood. The fungus grows in the xylem and sporulates in the excavated tunnel and 
12 
 
provides nourishment for the adult beetles and larvae (Batra 1967, Hulcr and Cognato 2010). 
The beetle prefers fungi as the fungus provides more protein and nitrogen than the dead 
wood.  
The mycangia range from small, simple features in the adult’s exterior to large, 
complex organs inside the beetle’s body, with specialized channels or tubes leading to the 
outside of the insect (Batra 1963, 1967, Francke-Grosmann 1967, Beaver 1989). Mycangia 
may not always be essential for fungal transmission, as suggested in the case of  Xyleborinus 
saxeseni, which may also carry fungal symbionts in the gut (Franke-Grosmann 1967, Beaver 
1989).  
Most fungal symbionts of ambrosia beetles are in Ambrosiella or Raffaelea, which are 
derived from Ceratocystis (Microascales) or Ophiostoma (Ophiostomatales), respectively. 
Most of the ambrosia beetle symbionts are within the Ophiostomatales clade (Jones and 
Blackwell 1998, Harrington et al. 2010). Beetles with large, complex mycangia carry 
Ambrosiella spp. and other species in Ceratocystidaceae (Mayers et al. 2015). 
The ambrosia beetle symbionts related to Ophiostoma species are in Raffaelea, which 
may have annellidic or sympodial proliferation of conidiogenous cells (Gebhardt et al. 2005, 
Alamouti et al. 2009, Harrington et al. 2010). Phylogenetic analysis based on partial nucSSU 
rDNA placed some Raffaelea spp. in a group within Ophiostomales (Gebhardt et al. 2005, 
Deardon et al. 2014). 
Dryadomyces amasae is found in the dead sapwood in the gallery systems of the 
scolytine ambrosia beetle Amasa concitatus, which has oral mycangia (Gebhardt et al. 2005). 
The fungus grows predominantly in the immediate vicinity of the feeding larvae. 
Dryadomyces amasae has been shown to have conidial development by apical, sympodial 
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wall formation with prominent denticles bearing the conidia (Gebhardt et al. 2005). The 
formation of the monilioid conidiophores were similar to Ambrosiella spp. (Gebhardt et al. 
2005), although the small subunit rDNA sequencing and tolerance to cycloheximide placed 
this species in Ophiostomatales. Thus, this species was transferred to Raffaelea (Harrington 
et al. 2010).  
The Xyleborini tribe is one of the most rapidly diversifying groups of ambrosia 
beetles. The beetles within this tribe are haplodiploid, which means the haploid males 
develop from unfertilized eggs of diploid females. Females are in highly biased sex ratios, 
while males are flightless, dwarfed and short lived (Cognato et al. 2011). 
Female Xyleborini beetles have three distinct types of mycangia: oral (pair of small 
internal cavities at the base of the mandibles), elytral (small cavities at the base of the elytra), 
and mesonotal (a large sac between the meso- and metathorax) (Hulcr et al. 2007). Some 
Xyleborinus spp. cultivate fungal symbionts that are carried in their elytral mycangium, but 
the fungal symbionts also may be carried in the gut instead of the mycangium, as shown in 
Xyleborinus saxeseni (Franke-Grosmann 1967, Beaver 1989, Biedermann et al. 2012).  
Xyleborinus saxeseni, commonly known as the fruit-tree pinhole borer, was first 
described from southern Germany but is originally from Asia (Cognato et al. 2011). It has a 
wide host range that includes ornamental trees, stone fruits and timber. X. saxeseni usually 
attacks dead trees; however, when populations are high beetles may infest stressed trees as 
well. Xyleborinus saxeseni larvae enlarge the parent gallery by chewing and creating space 
for the symbiotic fungi. Larvae might carry the symbiotic fungi in their elytral mycangia 
(Hulcl et al. 2010) or in their gut (FranckeGrosmann 1967, Biederman et al. 2012). The adult 
beetles remove a mixture of waste and sawdust (“frass”) from the tunnel system (Biedermann 
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and Taborsky 2011). Adult females of X. saxeseni delay dispersal after maturation, resulting 
in generation overlap in the galleries (Peer and Taborsky 2007, Biedermann et al. 2013), and 
about 20% of daughters reproduce in their natal nest (Biedermann et al. 2012). 
Cephalosporium luteum or Raffaelea sulphurea is reported to be the primary fungal 
symbiont of X. saxeseni (Verral 1943, Batra 1967, Harrington et al. 2010), although other 
studies reported the existence of additional symbiotic fungi with X. saxeseni (Biedermann et 
al. 2012). Fungal gardens benefit from the recycling of the beetles’ excretions (Biedermann 
et al. 2011). 
Xyleborinus gracilis and X. attenuatus have elytral mycangia similar to X. saxeseni 
(Francke-Grosmann 1967, Hulcr et al. 2010). X. gracilis occurs from southern Mexico to 
Argentina and was first collected in the United States in 1981 (Smith et al. 2008). X. 
attenuatus is originally from Asia and was introduced to the United States in 1996 (Popa et al. 
2014). Although these species are dependent on their symbiotic fungi, there has been no 
identification of their fungal symbionts to date. 
In this chapter, we report on the symbiotic of filamentous fungi associated with the 
ambrosia beetles X. saxeseni, X. gracilis, X. attenuatus, Cyclorhipidion bodoanum, and C. 
pelliculosum. Some of the fungal species may belong to Dryadomyces or Raffaelea, based on  
morphology and rDNA sequencing. 
 
Material and Methods 
Beetle Collection and Fungal Isolation — Five different species of ambrosia beetles were 
collected from different sites in Missouri, Georgia, Iowa, and Michigan. The studied beetle 
species were Xyleborinus saxeseni, X. gracilis, X. attenuatus, Cyclorhipidion bodoanum, and 
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C. pelliculosum. Most of the adult beetles were caught using Lindgren traps with cups of 
water and baited with ethanol. Some mature adults were taken directly from fresh galleries 
by splitting infested wood sections. Gallery samples of X. saxeseni in an infested sugar maple 
tree in Iowa were also studied.  
Most fungal isolates were obtained by grinding beetles and dilution plating 
(Harringon and Fraedrich 2010) or by placing parts of beetles with mycangia on CSMA (1% 
malt extract, Difco; 1.5% agar, 100 ppm streptomycin and 100 ppm cyclorheximide) plates. 
Isolations were also attempted directly from ambrosia growth in beetle galleries of 
Xyleborinus saxeseni. Galleries were scraped with a sterile needle and transferred to CSMA 
or MYEA (2% malt extract, 0.2% yeast extract, 1.5% agar) plates. 
 
Galleries — The fungi in eight galleries of individual Xyleborinus saxeseni females that were 
collected from a sugar maple tree (Acer saccharum) on the campus of Iowa State University 
on August 2014 were also studied. Fungal growth was located and observed under a 
dissecting microscope. Growth with distinct colors was scraped with a sterilized needle and 
streaked out on CSMA or SMA with a drop of distilled water and grown at room 
temperature. Different mycelial phenotypes were transferred to separate plates for rDNA 
sequencing. Cultures of interest were deposited in the Harrington lab at Iowa State 
University.  
Five tunnels of Xyleborinus attenuatus were collected on June 2014 from Populus 
grandidentata in Michigan. White-greyish fungal growth was found within the tunnels. The 
material was scraped with a sterilized needle and streaked on MEA or MYEA at room  
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temperature. Two different mycelial phenotypes were transferred to separate plates for rDNA 
sequencing. 
 
Beetles — Adult, female Xyleborinus saxeseni were collected from three different locations 
(Georgia, Missouri, and Ames, Iowa) in April-June 2014. Isolates were attempted from 
beetles alter three different treatments.  
For the first treatment, beetles collected from traps were individually macerated in 
glass tissue grinders, serially diluted at 10X and 100X, and plated on CSMA in 90 mm 
diameter Petri dishes (Harrington and Fraedrich 2010). None of the beetles in this treatment 
were surface-sterilized prior to grinding. Species in the genus Ceratocystis are sensitive to 
cycloheximide, but Ophiostoma-like species are resistant (Harrington 1981). One mycelial 
colony of each phenotype was subcultured as a representative to separate plates and grown at 
room temperature, and at least two isolates of each phenotype was used for rDNA 
sequencing. 
For the second treatment, the beetles were cut into two parts, head (with prothorax 
and mesothorax) and body (metathorax and abdomen). Of 54 beetles used for this treatment, 
12 of the beetles were surface-sterilized in 70% ethanol for one second and rinsed twice in 
sterile, distilled water. This treatment does not harm the fungal spores within the mycangium 
or gut, but it reduces some of the external contamination. Each part of the beetle was placed 
directly into CSMA. Colonies with distinct mycelial phenotypes were transferred to separate 
plates for rDNA sequencing. 
The third treatment was a combination of the first and second treatments. The 
separated head and body of non surface-sterilized Xyleborinus saxeseni were macerated in 
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glass tissue grinders individually and serially diluted. None of the beetles used for this 
experiment were surface-sterilized. Aliquots of the dilutions were plated on CSMA, and 
different mycelial phenotypes were subcultured to other plates for rDNA sequencing. 
Fifty seven adult X. gracilis were ground and serially diluted to compare the fungal 
symbionts of two additional species in the genus Xyleborinus. All the X. gracilis were 
collected from ethanol traps (with water in collector cups) in Missouri during 2012-2013. 
Beetles were individually macerated in glass tissue grinders, serially diluted, and plated on 
CSMA. Representatives of mycelial phenotypes were subcultured to separate plates, and at 
least four isolates of each phenotype were used for rDNA sequencing. 
Four X. attenuatus beetles were trapped in Michigan during 2014. Two of the beetles 
were dissected in the same way as the third treatment used for X. saxeseni, and the two pieces 
were placed directly into CSMA. The other two X. attenuatus adults were also dissected into 
head (prothorax and mesothorax) and body (metathorax and abdomen), and macerated in 
glass tissue grinders individually and serially diluted to 10X and 100X. Aliquots of the 
dilutions were plated on CSMA, and different mycelial phenotypes were sub cultured for 
rDNA sequencing. 
Five Cyclorhipidion bodoanum were collected from Missouri in May 2013, and three 
Cyclorhipidion pelliculosum adults were collected from Missouri in June 2012. These eight 
beetles were ground in glass tissue grinders, diluted twice in the distilled water, and plated on 
CSMA. The distinct mycelial phenotypes were transferred to separate plates. At least two 
isolates of each putative species were used for rDNA sequencing (Table 1).  
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DNA Extraction and Sequencing — For DNA extraction, isolates were grown on MYEA for 
6-10 days at room temperature. Mycelium was scraped from the medium, and DNA was 
extracted using PrepMan® Ultra or the Wizard
®
 Genomic DNA Purification Kit (Promega, 
Madison, WI). Initial characterization of the isolates used the D1/D2 region of the 28S (large 
subunit, LSU) region. The portions of the LSU gene were amplified with LROR and LR5 
primers, and the PCR products were sequenced with the primer LR3 (Harrington et al. 2010).  
 
DNA Sequencing and Phylogenetic Analysis — Sequencing of small subunit (SSU, 18S 
rDNA) and translation elongation factor (TEF-1α) region of the ribosomal DNA were 
utilized for phylogenetic analysis. The fungal primers used for PCR of SSU rDNA were NS1, 
NS4, NS8 (White et al. 1990) and SR5.5ROPHL (5’TACAAGTTTYTGGGTTCTGGG 3’), 
and sequencing was performed with NS1, NS4, SR10ROPHL 
(5’CTTAATTTGACTCAACACGGG 3’), and SR2OPHL 
(5’GAACGGCCATGCACCACCACC 3’). All sequences were generated at the Iowa State 
University DNA Sequencing and Synthesis Facility. 
Phylogenetic analyses were performed with a combined SSU and TEF1α dataset of 
2791 aligned characters. Bayesian analysis was conducted with MrBayes 3.2.1 (Ronquist and 
Huelsenbeck 2003) using GTR model averaging. Two MCMC runs with four chains each 
(one cold, three heated per run) ran for 5,500,000 generations, which allowed the 
convergence diagnostics to reach a value below 0.01. The burn-in was set to 25%  prior to 
generating a majority rule consensus tree using the "sumt" function. The tree image was 
viewed in FigTree.   
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Species Descriptions — Cultures were grown on MEA at 25°C in the dark. Growth at 10, 25, 
and 35°C was replicated on MEA. Colors of mycelium on MEA were described using a 
mycological color chart (Rayner 1970). 
 
Results 
Eight cycloheximide tolerant fungi were isolated from five ambrosia beetles in the 
Xyleborini: Xyleborinus saxeseni, X. attenuatus, X. gracilis, Cyclorhipidion bodoanum, and 
C. pelliculosum. The associated fungi showed three different morphological types. One group 
had dry, red-brown mycelium that was similar to that of Raffaelea sulphurea (Fig. 1B). A 
second group had similarities to R. canadensis in producing yeasty, greenish colonies (Fig. 
2A). The third group produced mucoid, hyaline colonies similar to those of R. montetyi (Fig. 
2B). 
 
Xyleborinus saxeseni — Isolations from fungal growth in eight galleries of X. saxeseni in a 
sugar maple tree in Iowa yielded two fungi on CSMA: a fast growing fungus with red brown 
pigmentation typical for R. sulphurea and a yeasty species tentatively named Raffaelea sp. A 
(Table 1). The yellow growth of R. sulphurea was conspicuous in the galleries (Fig. 3A, 4A), 
while Raffaelea sp. A was isolated from creamy-white growth in X. saxeseni galleries (Fig. 
3B, 4B). Mixtures of growth of R. sulphurea and Raffaelea sp. A were frequently seen in the 
galleries (Fig. 3C, 4C). Two distinct types of conidiophores and conidia were seen in 
microscopic slides of the growth in the galleries. R. sulphurea produced short, swollen 
conidiophores and globose conidia in the galleries, and Raffaelea sp. A produced more 
elongated, simple conidiophores and elongated, cylindrical to elliptical conidia. 
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Out of a total of 65 isolations attempts from the fungal growth in eight galleries, 37 
isolations (57%) yielded both R. sulphurea and Raffaelea sp. A, 21 isolations (32%) yielded 
only R. sulphurea, and six isolations (9%) yielded only Raffaelea sp. A (Table 1). 
The same two cycloheximide tolerant fungal species, R. sulphurea (Fig. 1B), and 
Raffaelea sp. A, (Fig. 2A), were isolated from X. saxeseni adults collected from three 
different locations during April-June 2014. The most commonly isolated species from adult 
beetles was R. sulphurea. The same respective types of conidiophores (Fig. 5C, 6A) and 
conidia (Fig. 5D,6B) of R. sulphurea and Raffaelea sp. A were found in cultures as in 
galleries.  
Ten non surface-sterilized adult X. saxeseni from Georgia trapped in April 2014 were 
individually ground, serially diluted and plated on CSMA. Each beetle yielded R. sulphurea, 
Raffaelea sp. A, or both species. Nine of ten beetles yielded R. sulphurea in the range of 4-
1366 colony forming units (CFU) per beetle, and 5 of the 10 beetles carried Raffaelea sp. A 
at 17-236 CFU per beetle.  
In a second batch, 54 adult X. saxeseni beetles from Georgia were collected in April 
2014. The beetles were dissected in two (head with prothorax vs. the rest of the body), and 
both parts were placed directly in CSMA without grinding. Twelve of the beetles were 
surface-sterilized and 42 were not surface-sterilized before dissection. Eight of the 12 
surface-sterilized beetles, and 21 of the 42 non surface-sterilized beetles yielded Raffaelea 
spp. (Table 2). The chi-square value for comparing isolations frequency of R. sulphurea from 
surface-sterilized vs. non surface-sterilized beetles showed no significant difference between 
the treatments (X
2 
= 1.11, P = 0.29). The same test for Raffaelea sp. A, which was only 
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isolated from the head portion, gave a chi-square value of 3.013, with no significant 
difference between the two treatments (P = 0.082).  
Six out of 42 non surface-sterilized beetles yielded fungal colonies of a synnema- 
forming fungus tentatively named Ophiostoma sp. A from both the head with prothorax and 
the rest of the body. Ophiostoma sp. A was not isolated from any of the 12 surface-sterilized 
beetles. Although this species appeared to be only on the surface of the beetle, chi-square 
statistic for this species was 2.29 (P = 0.129), indicating no significant difference between 
sterilized and non surface-sterilized beetles. 
For the third batch of X. saxeseni isolations, 40 non surface-sterilized adults from 
three different locations (Georgia, Missouri, and Iowa) were dissected, ground, and serially 
diluted. Thirty-one of the beetles yielded one or two Raffaelea spp. on CSMA.  The isolation 
frequencies and range of CFU per beetle were very similar for R. sulphurea from the head/ 
prothorax vs. body (Table 3). Conversely, Raffaelea sp. A was only isolated from the 
head/prothorax, yielding a CFU range of 4-84 per head (Table 3). The chi-square statistics 
for isolation frequency of R. sulphurea from the head/prothorax vs. body was 0.0527 (P= 
0.8184), indicating no significant difference. The same test was used to compare Raffaelea 
sp. A from head/prothorax vs. body, and the chi-square was 21.58 (P= 0.006), which showed 
significantly greater isolation frequency from the head/prothorax. 
 
Xyleborinus attenuatus — Isolations from fungal growth in five tunnels of X. attenuatus from 
Populus grandidentata in Michigan on June 2015 yielded two fungi on CSMA: a fast 
growing fungus with yellow-brown pigmentation, tentatively called Raffaelea sp. B, and a 
yeasty species similar to Raffaelea sp. A, tentatively named Raffaelea sp. C. The growth of 
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the X. attenuatus fungal symbionts were not conspicuous in the galleries, but both Raffaelea 
sp. B and Raffaelea sp. C were isolated from creamy-white growth in X. attenuatus galleries. 
Two distinct types of conidiophores and conidia were seen in microscopic examination of 
gallery growth: short, swollen conidiophores with globose conidia that dominated the 
galleries (attributed to Raffaelea sp. B) and more elongated, simple conidiophores with 
cylindrical to elliptical conidia (attributed to Raffaelea sp. C).  
Four X. attenuatus females were collected from galleries in a Populus grandidentata 
tree in Michigan. All four of the beetles were dissected into the head (with mesothorax and 
prothorax) and body (metathorax and abdomen). Two of the X. attenuatus adults were placed 
directly in the medium, and the other two beetles were ground separately and diluted at 10X 
and 100X before plating on CSMA. Two fungal colony types were isolated. All four beetles 
yielded Raffaelea sp. B (Fig. 1C), but it was isolated only from the body of the beetles. It was 
similar to R. sulphurea morphologically. The other fungus, Raffaelea sp. C, was isolated only 
from the head/prothorax of the two beetles that were placed directly into the medium. 
Raffaelea sp. C looked similar to R. canadensis and Raffaelea sp. A. Due to the high number 
of colonies of Penicillium spp. that grew on the plates, CFU per beetle could not be 
determined.  
 
Xyleborinus gracilis — Table 4 shows the isolation results for 57 X. gracilis beetles trapped 
from locations in Missouri during 2012-2013 and ground individually for dilution platings. 
There were two different mycelial morphologies on CSMA: Raffaelea sp. D, which had 
mucoid colonies similar to those of R. montetyi (Fig. 2B), and Raffaelea sp. E, which had 
yeasty, white colonies similar to R. subalba (Harrington et al. 2010). A similar number of 
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CFUs of Raffaelea sp. D (64±59) and Raffaelea sp. E (47±51) were isolated from each beetle 
(Table 4). A chi-square test to compare frequencies of Raffaelea sp. D and Raffaelea sp. E 
had a chi-square value of 16.87 (P< 0.005), which indicated significantly greater isolation 
frequency of Raffaelea sp. D than of Raffaelea sp. E.  
 
Cyclorhipidion spp. — Five Cyclorhipidion bodoanum adult beetles from Missouri collected 
in flight traps on May 2013 were ground, diluted at 10X and 100X, and spread on CSMA. 
Each beetle yielded a fungus that was designated Raffaelea sp. F, with CFU counts ranging 
from 70-3000 CFU per beetle. Morphological characteristics of Raffaelea sp. F were similar 
to those of R. sulphurea (Fig. 1D).  
Three Cyclorhipidion pelliculosum adults collected from Missouri in June 2012 were 
ground and diluted, and all three beetles yielded a fungus that was designated as Raffaelea 
sp. G (Fig. 1E), which was morphologically similar to R. sulphurea and Raffaelea sp. F. The 
numbers of colonies on each plate were too high to count. The conidiophores (Fig. 5E) and 
conidia (Fig. 5F) of Raffaelea sp. F and the conidiophores (Fig. 5G) of Raffaelea sp. G had 
characteristics similar to those of R. sulphurea.  
 
Phylogenetic analysis — A Bayesian consensus tree of the combined SSU and TEF1α 
dataset placed the fungal symbionts within the Ophiostomatales (Fig. 7). The undescribed 
fungal symbionts represented three distinct morphological phenotypes. Three of the species 
(Raffaelea sp. B, Raffaelea sp. F, and Raffaelea sp. G) associated with Xyleborinus and 
Cyclorhipidion beetles produced fast growing, dry, yellow-brown mycelia in culture, with 
production of blastosporic conidia, similar in morphology to R. amasae and R. sulphurea. 
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These three species grouped together with R. amasae and R. sulphurea in the phylogenetic 
analysis (Fig. 7), which was designated as the Dryadomyces subclade. 
Two other fungal species (Raffealea sp. A and Raffealea sp. C) from Xyleborinus 
beetles showed characteristics typical of Raffaelea spp. Raffaelea sp. A produce white-green 
yeasty mycelia, with slow growth, similar to R. canadensis.  Raffaelea sp. A and Raffealea 
sp. C grouped tightly with R. canadensis in the phylogenetic tree (Fig. 7). This group of 
species is designated as the R. canadensis complex.  
Raffaelea sp. D isolated from Xyleborinus gracilis was morphologically similar to R. 
lauricola and R. montetyi in producing mucoid colonies and hyaline mycelium. However, 
phylogenetic analysis placed this species closer to R. montetyi, which formed a subclade with 
R. quercivora, and R. quercus- mongolicae, which was sister to the Dryadomyces subclade. 
 
Taxonomy — Phylogenetic analysis and morphological characters supported recognition of 
five undescribed species of Raffaelea. Three morphological types could be distinguished, and 
the morphological types corresponded to the Dryadomyces subclade, the R. montetyi 
subclade, and the R. canadensis complex (Fig. 7) 
 
Dryadomyces subclade 
Raffaelea sulphurea (L.R. Batra) T.C.Harr., Mycotaxon 111:337. 2010.     Fig. 1B, 3A-D, 
5C-D 
= Cephalosporium luteum Verrall, J. Agr. Res. 66:141. 1943. 
≡ Ambrosiella sulphurea  L.R. Batra, Mycologia 59:992. 1967. 
In galleries, ambrosial growth starts out hyaline to gray, becoming yellowish brown 
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with age (Fig. 3A), composed of a dense palisade layer of conidiophores. Conidiophores 
(Fig. 5C) hyaline becoming yellowish brown with age, especially towards the base, short, 
single to branched. Conidia usually formed singly at ends of conidiophores, conidia hyaline, 
thick walled, globose to subglobose with a truncate end 8.5-10.5 × 6.5-9.5 μm (Fig. 5D). 
On MEA, fast growing, staining the media yellow, becoming brown with age. Aerial 
mycelium sparse, pigmented reddish brown, rarely producing conidia. 
Cultures examined: USA, Iowa, Story County, Ames, from X. saxeseni gallery in Acer 
saccharum, Aug 2014, D. McNew, C3537. Missouri, Boone County 38° 56’ 54.11” N, 92° 
10’ 1.55” W, from X. saxeseni, S. Reed, C3110. Georgia, Jekyll Island, from X. saxeseni 
gallery in Persea sp., July 2011, S. Fraedrich, C2829. SWITZERLAND, Bern, from X. 
saxeseni, P. Biedermann, C3473.  
Notes. Cephalosporium luteum was described by Verrall (1943) from Xyleborus 
pecanis, a synonym of Xyleborinus saxeseni. Verrall named the species “luteum” based on 
the distinct mustard yellow color that the fungus exhibits in galleries and when grown on 
media. No material of Verrall’s C. luteum exists, but it is clear from his description of gallery 
material and cultures that the fungus isolated from X. saxesni is conspecific with R. 
sulphurea. Later, Batra (1967) described the X. saxeseni symbiont as Ambrosiella sulphurea 
and described the yellow-mustard mycelium and swollen conidiophores. Harrington et al. 
(2010) transferred this species to the genus Raffaelea based on DNA sequences. In our 
isolations, R. sulphurea was isolated from both front and rear parts of the ambrosia beetle, 
which indicated that it might not be restricted to the mycangia and also could be in the gut, as 
proposed by Francke-Grosmann (Francke-Grosmann1967). R. sulphurea has a very similar 
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morphology to R. amasae, based on a lack of yeast phase and yellow-brown mycelium, and 
phylogenetically both species are in a subclade within Leptographium.  
 
Raffaelea sp. B              Fig. 1C, 4A-B 
Colonies on malt extract agar reach an average diameter of 45 mm after 5 days at 25° 
C in the dark (Fig. 1C), with no growth at 10° C and 37° C. Cultures start out hyaline with an 
even edge at the outer growth, surface and aerial mycelium bright yellow, then becoming 
reddish rusty brown after two weeks, droplets of clear exudate produced, agar is stained 
yellow, then becoming brown with age. No conidiophores or conidia seen in culture. 
In galleries of X. attenuatus, conidiophores simple to branched, short, swollen, 
conidia produced singly at terminal ends of conidiophore, hyaline, thick- walled, aseptate, 
globose to subglobose, 8-12.5 × 6.5-9.5 μm, with a truncate end where attached to 
conidiophore (Fig. 4B). 
Specimens examined.  USA, Michigan, Montcalm County, Alma College Ecological Station, 
Xyleborinus attenuatus tunnel numbers 6 and 2 in Populus grandidentata, June 2015, R. 
Roeper.  
Cultures examined. USA, Michigan, Montcalm County, Alma College Ecological 
Station, isolated from X. attenuatus adult, Sep 2013, R. Roeper, C3696. 
Notes. This species was isolated from females of this Asian native (Wood and Bright 
1992). X. attenuatus females probably have the same type as mycangia as X. saxeseni, but 
Raffealea sp. B was obtained from both ends of the beetle. This species can be distinguished 
from R. sulphurea by the color of mycelium, which is somewhat brighter than in cultures of 
R. sulphurea. 
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In tunnels and galleries, Raffaelea sp. B appears to be closely associated with Raffaelea. sp 
C. The fungal growth in the tunnels was sometimes grey-white, with a mix of of both 
Raffaelea sp. B and Raffaelea. sp C in isolation attempts.  
 
Raffaelea sp. F          Fig. 1D, 5E-F  
Colonies on malt agar reach an average diameter of 60 mm in 8 days at 25° C in the 
dark (Fig. 1D), no growth at 10° C and 37° C. In 5 days, surface mycelium flat, highly 
branched, with sparse aerial mycelium, hyaline to white, becoming yellowish in the center 
with age, uneven, wavy edges. Nine-day-old cultures develop a mustard-brown color in the 
center, with fluffy aerial mycelium on the edges, with no sporodochia. Conidiophores 9-32 
μm long (Fig. 5E), hyaline, simple to branched, composed of monilioid cells ending with a 
terminal or small cluster of conidia. Conidia (3.5) 5-9.5 × 2-4.5 μm (Fig. 5F), hyaline, 
aseptate, clavate to pyriform, with a truncated end where attached to conidiophore. 
Cultures examined. USA, Missouri, Boone County 38° 56’ 54.11” N, 92° 10’ 1.55” 
W, isolated from C. bodoanum caught in flight, Dec 2012, S. Reed, C3133. 
Notes. This species was isolated from adults of the Asian native ambrosia beetle, C. 
bodoanum, which has a mandibular mycangium (Hulcr et al. 2012). Cultures of Raffaelea sp. 
F can be distinguished from other species in the Dryadomyces subclade by producing 
abundant conidiophores and conidia, mycelium that becomes light yellow with age and does 
not pigment the agar. This species is similar in morphology to R. sulphurea, but it is not as 
fast growing.  
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Raffaelea sp. G.         Fig. 1E, 5G  
Colonies on malt agar attain an average diameter of 26 mm at 25° C in 8 days in the 
dark (Fig. 1E), no growth at 10° C and 37° C. Culture is flat with sparse aerial mycelium, 
light brown to red brown in the center, producing white circular tufts of mycelium on the 
surface, which may become wet and creamy-yellow with age, even mycelial growth at 
leading edge. After two weeks, the culture becomes dark brown with a yellow center. Aerial 
hyphae simple to branched, composed of chains of monilioid cells, no conidia seen (Fig. 5G). 
Cultures examined. USA, Missouri, Boone County 38° 56’ 54.11” N, 92° 10’ 1.55” 
W, isolated from C. pelliculosum caught in flight, Dec 2012, S. Reed, C2968. 
Notes. This species was isolated from adults of the Asian native C. pelliculosum, 
Cultures of Raffaelea sp. G can be distinguished from R. sulphurea by its dark, rust-chestnut 
color, which darkens the media, and its slow growth.  
 
Raffaelea montetyi subclade 
Raffaelea sp. D                       Fig. 2B, Fig. 5C, D 
Colonies on malt extract agar attaining an average diameter of 55 mm after 6 days at 
25° C in the dark (Fig. 2B), no growth at 10 °C or 37 °C. Cultures initially produce a clear  
mucoid material on the surface of the agar, then produce a hyaline to white surface and 
subsurface mycelium with little aerial growth, forming concentric rings, cultures becoming 
creamy after 7-10 days. No odor detected. Conidiophores produced on the surface and 
subsurface mycelium, abundant with small, discrete wet mounds of conidia at the tip, single 
to branched, septate, hyaline 50-66 μm long (Fig. 5C). Conidia produced holoblastically, 
thick walled, hyaline, aseptate, pyriform to clavate (4.5) 6.5-9.5 × 3-5 μm (Fig. 5D).  
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Cultures examined. USA, Missouri, Huzzah, isolated from X. gracilis caught in flight, 
Sep 2012, S. Reed, C3024. 
Notes. Raffaelea sp. D is associated with X. gracilis, a native American beetle with an 
elytral mycangium (Francke-Grosmann 1967). This new species is similar to R. montetyi 
both in DNA sequences and culture morphology, especially the type of conidiophores and 
conidia, but R. montetyi stays more mucoid in culture, the mycelium becomes light brown, 
and it does not produce concentric rings. 
 
Raffaelea canadensis complex 
Raffaelea sp. A               Fig. 2A, 3B-C, 6A-B 
Colonies on MEA attain an average diameter of 30 mm in 10 days at 25° C in the 
dark (Fig. 3B), no growth at 10° C or 37° C. Colonies leathery, effused and dull, creamy to 
olivaceous, darker in the center, white near the edges, leading edge of growth even, no odor. 
Two-week old cultures are gray-brown, with yeasty odor, producing white to grey 
sporodochia. Conidiophores mononematous, septate, erect, hyaline at first but later 
pigmented, 23-29 μm long, producing clusters of conidia (Fig. 5A). Conidia creamy-white, 
aseptate, clavate to obovoid, with truncated end, 5.5-8.5 × 2-3.5 μm (Fig. 5B). 
Cultures examined.  USA, Iowa, Story County, Ames, isolated from Xyleborinus 
saxeseni gallery on Acer saccharum, Aug 2014, D. McNew, C3533. Missouri, Boone County 
38° 56’ 54.11” N, 92° 10’ 1.55” W, from X. saxeseni, S. Reed, Oct 2012, C3120. Georgia, 
Athens, from X. saxeseni caught in flight, S. Freadrich, C3332. SWITZERLAND, 
Frauenkappelan near Bern in a beech forest, from X. saxeseni caught in flight, P. 
Biedermann, C3476.  
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Notes. Raffaelea sp. A is the second symbiont of X. saxeseni, a beetle native to Asia 
(Biederman et al. 2012) that has an elytral mycangium (Francke-Grosmann 1967). Raffaelea 
sp. A was only isolated from the front half of the beetle, suggesting that it was in the 
mycangium. This undescribed species is similar to R. canadensis both in DNA sequences and 
morphology. The fungus was isolated from galleries that also had R. sulphurea. 
 
Raffaelea sp. C                                                                                                   Fig 4A, 4C 
Colonies creamy to green, darker in the center, white near the edges, leading edge of 
growth even, no odor. Yeasty mycelium, may produce white to grey sporodochia. 
Conidiophores mononematous, septate, erect, hyaline at first but later pigmented. 
Cultures examined. USA, Michigan, Montcalm County, Alma College Ecological 
Station, Xyleborinus attenuatus tunnel in Populus grandidentata, June 2015, R. Roeper, 
C3699.  
Notes. Raffaelea sp. C is the second symbiont of X. attenuatus, a beetle native to 
Asia. Raffaelea sp. C was only isolated from the front half of the beetle, suggesting that it 
was in the mycangium. This undescribed species is similar to R. canadensis and Raffaelea sp. 
A in DNA sequences (Fig 7) and morphology. The fungus was isolated from galleries that 
also had Raffaelea sp. B, which may be transported in the gut.  
 
Discussion 
This study examined Raffaelea spp. from five ambrosia beetle species from the tribe 
Xyleborini. Each beetle species yielded one or two unique ambrosia fungi with distinct DNA 
sequences and culture morphology. All five undescribed species were placed in the 
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Ophiostomatales, but sorted into three lineages. Raffaelea sp. B, Raffaelea sp. F, and 
Raffaeala sp. G were isolated, respectively, from Xyleborinus attenuatus with elytral 
mycangia and Cyclornipidion bodoanum and C. pelliculosum with oral mycangia. The 
morphology of this group of fungi is similar to R. amasae and R. sulphurea in producing dry 
red-brown mycelium, and the five species group together in phylogenetic analysis. Raffaelea 
sp. D isolated from X. gracilis mycangia produced a mucoid colony similar to those of the 
related species, R. montetyi, R. quercivora and R. quercus-mongolicae. Raffaelea sp. A and 
Raffaelea sp. C were isolated from the front half of Xyleborinus saxeseni and X. attenuatus, 
respectively, and showed morphology similar to that of Raffaelea canadensis, a typical 
Raffaelea spp.  
Raffaelea sulphurea and Raffaelea sp. A were isolated from X. saxeseni galleries and 
females, with a low range of CFU per beetle. The two fungal symbionts form characteristic 
ambrosial layers on the gallery walls (Biedermann and Taborsky 2011). Raffaelea sp. A was 
only isolated from the front half of the beetles, which included the elytral mycangium, while 
R. sulphurea was isolated from both the front and back half of the beetles, including the hind 
gut. These isolations support the hypothesis that R. sulphurea is not strictly mycangial 
(Francke-Grosmann 1967, Biedermann et al. 2012).  
Biedermann et al. (2012) reported the growth of four other mutualistic species in 
addition to Raffaelea sulphurea in the fresh galleries of Xyleborinus saxeseni. In addition to 
R. sulphurea, they isolated an unknown sp. A only on CSMA, and an unknown sp. B was 
more commonly detected on CSMA than on malt agar without cycloheximide. Other species 
were isolated equally on CSMA and malt agar, which shows that these species were 
cycloheximide tolerant and probably the same as the undescribed species studied here. 
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Unknown sp. A was commonly isolated and may be the undescribed Raffaelea sp. A isolated 
from galleries and ambrosia beetles in this study, and Unknown sp. B was likely R. 
sulphurea. They also reported Fusicolla acetilerea isolated from galleries on malt agar. 
However, no other fungal species, other than the two mutualistic fungi, R. sulphurea and 
Raffaelea sp. A, were isolated from the X. saxeseni galleries that we sampled.  
Xyleborinus gracilis and X. attenuatus may have mycangia similar to X. saxeseni 
(Francke-Grosmann 1967, Hulcr et al. 2007). Galleries of X. attenuatus were very similar to 
those of X. saxeseni, and this beetle carries two symbiotic fungi (Raffaelea sp. B and 
Raffaelea sp. C) that are similar to the symbionts of X. saxeseni. Raffaelea sp. B is very 
similar in morphology and DNA sequences to R. sulphurea, and Raffaelea sp. C is very 
similar to Raffaelea sp. A from X. saxeseni. The isolation data and fungal morphology 
suggest that X. attenuatus carries hyphal Raffaelea sp. B in its gut, and the yeasty Raffaelea 
sp. C appears to be in mycangium, similar to X. saxeseni. Although X. gracilis has the same 
elytral mycangium, the primary symbiotic fungus of the beetle was Raffaelea sp. D, which is 
in the R. montetyi subclade. Based on these results, at least two of the fungal symbionts with 
morphology and DNA sequences similar to R. amasae might be carried in the gut of the 
ambrosia beetles.  
Raffaelea amasae was placed with nine other species in a monophyletic lineage 
distinct from the typical Raffaelea spp. and within Leptographium by Dreadon et al. (2014). 
The phylogenetic analysis presented here placed Raffaelea sp. F, Raffaelea sp. G, Raffaelea 
sp. B, along with another undescribed species from Xyleborus glabratus in Taiwan 
(Raffaelea sp. H, Harrington et al. 2011) in the same subclade with R. amasae and R. 
sulphurea. Raffaelea sp. D was placed in another subclade with R. montetyi, R. quercivora, 
33 
 
and R. quercus-mongolicae. Dreadon et al. (2014) suggested that these two subclades belong 
to a single clade derived from the Leptographium clade. Our data suggest that the 
Leptographium-derived clade is actually two phenotypically distinct subclades: one with a 
culture morphology similar to Dryadomyces (dry red-brown mycelia) and the second, the R. 
montetyi subclade, with mucoid colonies, distinct from typical Raffaelea spp. Although 
Harrington et al. (2010) transferred D. amasae to Raffaelea and placed Dryadomyces in 
synonymy with Raffaelea, Dryadomyces appeares to be the proper genus for species with 
red-brown hyphae and limited yeast-like budding.  
Raffaelea sp. D from X. gracilis was placed in the subclade sister to Dryadomyces, 
reffered to here as the R. montetyi subclade. Each of the four species in the subclade produces 
highly mucoid colonies. R. lauricola is the only Raffaelea species that produces such mucoid 
colonies (Harrington et al. 2008), but the phylogenetic analysis placed R. lauricola along 
with typical Raffaelea spp. The R. montetyi subclade may need a new genus name. 
It appears that not all of the asexual symbionts in the Ophiostomatales clade 
associated with ambrosia beetles are derived from a single common ancestor. The ancestor of 
Raffaelea may have been an external contaminant, which first served as food for the 
ambrosia beetle and later adapted to reproduce and grow in the mycangium (Harrington et al. 
2010). This new study supports the hypothesis that Raffaelea may have hybridized with 
Leptographium sp., and ambrosia beetle associates in two subclades with distinct phenotypes 
may have developed from such a hybridization. 
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Tables and Figures 
 
Table 1. Isolations of Raffaelea sp. A and Raffaelea sulphurea by streaking ambrosia growth 
from eight galleries of Xyleborinus saxeseni onto plates of cycloheximide amended media.  
 
 
 
Gallery  
No. of plates
 
yielding no 
Raffaelea spp. 
Only 
Raffaelea 
sulphurea
a
 
Only  
Raffaelea 
sp. A 
 
Both fungal 
species 
A 0 0 0 8 
B 0 3 0 5 
C 0 2 0 6 
D 
E 
0 
1 
2 
2 
0 
2 
4 
2 
F 0 5 1 2 
G 0 4 2 3 
H 0 3 1 7 
Total 1 21 6 37 
            
a  
Number of successful isolations on cycloheximide malt agar.
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Table 2.  Number of isolations of Raffaelea sulphurea, Raffaelea sp. A, and Ophiostoma sp. A  
from surface-sterilized and non surface-sterilized Xyleborinus saxeseni adults after separating  
the head (head, prothorax, and mesothorax) from body (metathorax and abdomen).  
a 
surface-sterilized in 70% ethanol for one second and rinsed twice in distilled water for one second. 
 
  
        
 
Surface 
Sterilized
a 
No. of 
beetles 
sampled 
Beetles 
yielding no 
Raffaelea spp. 
 
R. sulphurea 
  
Raffaelea sp. A 
  
Ophiostoma sp. A 
Head Bod
y 
 Head  Body  Head Body 
Yes 12 4 3 3  3 0  0 0 
No 42 21 15   13  3   0  3 4 
 
 
3
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Table 3. Number of isolations (and range of CFUs per beetle) of R. sulphurea and Raffaelea sp. A from ground and dilution- plated 
Xyleborinus saxeseni adults collected at three different locations in 2014, after separating the head (head, mesothorax and prothorax) 
from body (metathorax and abdomen).  
 
 
Location 
 
Collection date 
No. of beetles  
sampled 
Beetles 
yielding no 
Raffaelea spp. 
R. sulphurea 
 
Raffaelea sp. A 
Head Body Head Body 
Georgia April 8 10 0 2 (50-260) 3 (24-283)  10 (4-34) 0 
 June 23 15 7 7 (4-227) 4 (7-234)  4 (4-84) 0 
Missouri May 14 5 0 5 (117-504) 3 (124-276)  0 0 
Iowa May 21 5 1 1 (24) 3 (45-504)  2 (4-47) 0 
 May 23 1 0 0 1 (150)  0 0 
 June 9 3 1 1 (4) 1 (367)  1 (4) 0 
Total  40 9 16 (157±142)
a 
15 (176±150)
a 
 17 (20±21)
a 
0 
                a 
mean ± standard deviation total number of (CFU)
40 
 
 
 
Table 4.  Number of isolations (and range of CFUs per beetle) of Raffaelea spp. from ground 
Xyleborinus gracilis adults collected at two different locations in Missouri in 2012 and 3013. 
 
 
 
 
Collection 
date 
 
 
No. of 
beetles 
sampled 
No. of 
beetles 
yielding 
Raffaelea 
spp. 
 
 
 
  
Raffaelea sp. D 
 
 
 
  
Raffaelea sp. E 
Oct 2012 12 12 9 (10-267) 9 (10-250) 
Nov 2012 16 14 10 (10-90) 6 (10-94) 
Jan 2013 29 14 14 (3-143) 0 
Total 57 40 33 (64±59)
 a 
15 (47±51)
 a 
                     a 
mean ± standard deviation of total number of CFU. 
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Fig. 1. Colony morphology of Raffaelea spp. after 7 days on 90 mm diameter plates of malt 
extract agar. A. R. amasae. B. Raffaelea sulphurea (C3537). C. Raffaelea sp. B (C3696). D. 
Raffaelea sp. F (C3133). E. Raffaelea sp. G (C2968). F. Raffaelea sp. H. 
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Fig. 2. A. Colony morphology of Raffaelea sp. A (C3533) from Xyleborinus saxeseni. B. 
Raffaelea sp. D from Xyleborinus gracilis. Both species grown for 10 days on 90 mm 
diameter plates of malt extract agar. 
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Fig. 3. Fungal growth of Raffaelea sp. A from gallery 3 and R. sulphurea from gallery 7 
made by Xyleborinus saxeseni in sugar maple. A, D. Arrows point to yellow mustard growth 
of R. sulphurea, B, E. Arrows point to white to gray growth of Raffaelea sp. A. C, F. Arrows 
point to mixed yellow and white growth of both fungal species. 
 
 
  
44 
 
 
 
Fig. 4. A. Fungal growth of Raffaelea sp. B from tunnel 12 made by Xyleborinus attenuatus 
in Populus grandidentata. Arrow points to white to gray growth of Raffaelea sp. B. and 
Raffaelea sp. C. B. Conidia and conidiophores of Raffaelea sp. B in the gallery. C, D. 
Conidia and conidiophores of Raffaelea sp. C in culture. Scale bars = 10 μm. 
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Fig. 5. Conidiophores and conidia of Raffaelea spp. A, B. R. amasae. C, D. Raffaelea 
sulphurea. E, F. Raffaelea sp. F. G. Raffaelea sp. G. H, I. Raffaelea sp. H. Scale bars = 10 
μm.  
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Fig. 6. Conidia and conidiophores of two fungal symbionts of X. saxeseni and X. gracilis. A, 
B. Conidiophores and conidia of Raffaelea sp. A from a gallery of X. saxeseni. C, D. 
Conidiophores and conidia of Raffaelea sp. D in culture. Scale bars = 10 μm 
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Fig 7. Phylogenetic tree from Bayesian analysis of combined TEF1α and SSU (18S) rDNA 
dataset of Ophiostomatales, including ambrosia beetle symbionts and representatives of 
Raffaelea spp., the Raffaelea montetyi subclade and the Dryadomyces subclade. 
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CHAPTER 3. GENERAL CONCLUSIONS 
Phylogenetic and morphological study of the ambrosia fungi of five different 
ambrosia beetle species from the tribe Xyleborini detected five undescribed species of 
ambrosia fungi that could be placed in at least two different genera, Dryadomyces and 
Raffaelea. Raffaelea sp. F (from Cyclorhipidion bodoanum), and Raffaelea sp. G (from C. 
pelliculosum), Raffaelea sp. B (from Xyleborinus attenuatus) appear to be best placed in 
Dryadomyces with R. amasae and R. sulphurea. Raffaelea sp. A (from X. saxeseni) and 
Raffaelea sp. C (from X. attenuatus) seem to be typical Raffaelea spp. related to R. 
canadensis. Raffaelea sp. D (from X. gracilis) and other mucoid Raffaelea spp. formed a 
clade sister to the Dryadomyces subclade, and their taxonomic placement is not clear. Based 
on the isolations from X. saxeseni and X. attenuatus, members of the Dryadomyces subclade 
may be carried in the gut of their associated ambrosia beetles instead of in mycangia.   
 
Recommendations for Future Research 
There is an opportunity for additional studies on the diversity of ambrosia fungi in the 
Ophiostomatales, and sampling from a greater diversity of beetles would help to test 
hypotheses about the specificity in the fungal associations with different types of the 
mycangia. Studies of species diversity and the evolutionary biology of these fungi will 
improve our understanding of the symbiosis and how the fungi are carried. Many invasive 
ambrosia beetles have become pests, and some may carry plant pathogenic fungi, so a better 
understanding of the symbionts may lead to more effective management strategies.  
 
 
 
 
